different molecules, whereas in the second, they would coil segments are too short to be stable. It is however clear that the hinge domains are stable in the absence of be the two ends of the same molecule ( Figure 2A ). This ordered coiled coil segments. A DALI (Holm and Sander, issue has a crucial bearing on how Smc1 and Smc3 1995) search revealed no close structural homologs in interact within the cohesin complex and its resolution the Protein Data Bank. is essential for understanding the geometry not only of The hinge domain monomer is composed of two docohesin but also of condensin.
mains (I and II) that are related by a pseudo-2-fold symMuch less is known about the structure of cohesin's metry operation ( Figure 1A ). Domain I contains a short other subunits. Scc1-like proteins are most conserved three-stranded ␤ sheet flanked by two ␣ helices whereas at their N and C termini. The two separase cleavage domain II contains a five-stranded ␤ sheet also flanked sites within yeast and mammalian Scc1 proteins are by ␣ helices. Inner helices (H4, H5, H9, and H10) are located in the center of the protein between these two involved in domain I/domain II interactions whereas conserved domains. Importantly, cleavage at either site outer ones (H6 and H11) are involved in dimer interacis sufficient to destroy cohesion at the metaphase to tions. Domains I and II are linked by a long but ordered anaphase transition ( H6 and H11 are the only contacts holding the dimer If we are to understand how cohesin links DNA moletogether. It is worth noting that the first structure solved cules together, it is essential to know how cohesin's in spacegroup P2 1 contained a dimer in which one of non-SMC subunits interact with Smc1 and Smc3. But the dimer contacts is disturbed by crystal contacts and to achieve this, it is crucial to first establish the fundathe dimer has no true 2-fold axis. A second crystal form mental geometry of the Smc1/3 heterodimer. By studyhowever contained dimers with true 2-fold symmetry ing the architecture of Smc1 and Smc3 and by solving (spacegroup P2 1 2 1 2 1 ), and we believe this is the biologithe structure of an SMC hinge domain associated with cally relevant conformation. The hinge dimer structure short coiled coils from the bacterium Thermotoga marilocates all N and C termini on one face of the doughnuttima, we have established that the coiled coils of many hinge seeds intra-or intermolecular coiled coils. The heads, respectively. This suggests a novel hypothesis crystal structure of a protein fragment containing longer for how cohesin associates with chromosomes and mecoiled coil segments eventually settled this issue (see diates cohesion between sisters. We suggest that Scc1-below). We meanwhile turned our attention to cohesin's mediated closure of cohesin's arms after a DNA strand Smc1 and Smc3 proteins, where the anticipated heterohas been embraced creates a topological link between typic dimerization allowed us to address this issue in these partners.
an independent manner.
Results

Structure of Smc1/3 Heterodimers and Smc3 Monomers The SMC Hinge Domain Forms a Doughnut-Shaped
To examine the structure formed by yeast cohesin SMC Dimer with All N and C Termini Located on One Face subunits, we first compared the hydrodynamic properBiochemical experiments involving the head domains ties of Smc3 alone with that of complexes formed toof eukaryotic SMCs are only interpretable when it is gether with Smc1. We expressed Smc3 as an N-terknown if their antiparallel coiled coil segments are intraminally His 6 -tagged version either alone or together with or intermolecular, because this determines whether the Smc1 in insect cells. Both Smc3 and the Smc1/Smc3 heads are composed of N-and C-terminal domains from complexes were found largely in the soluble cytosolic the same or different polypeptide chains (Figure 2A ). At and nuclear fractions derived from the insect cell exissue here is the mechanism by which SMC proteins tracts. The proteins were partially purified over a nickeldimerize. In an attempt to address this, we solved the affinity resin before determining Stokes radii and sedcrystal structure of the SMC hinge domain from the imentation coefficients by gel filtration and gradient bacterium Thermotoga maritima. A fragment containing centrifugation, respectively. This yielded Stokes radii of residues 485-670 (HTMC2) crystallized in two different 8.0 nm for the Smc1/His 6 Smc3 complex and 7.4 nm for crystal forms, containing either one or two homodimers.
His 6 Smc3 alone ( Figure 2B , left panels). Both the Smc1/ The hinge domain crystal structures (Figure 1 ) only reHis 6 Smc3 complex and His 6 Smc3 alone sedimented in veal ordered residues from approximately 501 to 656.
sharp peaks in glycerol gradients, the former with a Residues 485 to 500 and 657 to 670 are invisible due to sedimentation velocity of 8.0S (which is similar to that disorder, although they have been predicted to form a of Xenopus Smc1/3 heterodimers) and the latter with 4.4S ( Figure 2B , right panels). coiled coil. This is probably the case because the coiled The Stokes radii and sedimentation velocities were the coiled coil arms are either separated over their whole or only part of their length, respectively ( Figure 2C ). used to estimate native molecular weights using the method of Siegel and Monty (1966) . This yielded a moSome molecules showed kinks in their coiled coils, which might be an important feature to create the flexilecular weight of ‫062ف‬ kDa for the Smc1/His 6 Smc3 complex and ‫031ف‬ kDa for His 6 Smc3 alone, which is in good bility of the SMC arms. The Smc1/3 heterodimer also adopted the "coils spread" conformation, in which the agreement with predicted molecular weights of 282 kDa for an (Smc1) 1 /(Smc3) 1 heterodimer and 141 kDa for an head domains lie close together but the arms have bowed apart ( Figure 2C ). With a total arm length of ‫56ف‬ Smc3 monomer. The large Stokes radii and low S values, relative to globular proteins of similar molecular weight, nm, consisting of a ‫54ف‬ nm coiled coil stretch and head and hinge domains of about 10 nm diameter, the overall are typical for elongated proteins. The equal intensities of the Smc1 and His 6 Smc3 bands after silver staining dimensions of the Smc1/3 heterodimer are similar to those of prokarotic SMCs. In contrast to a recent elec-( Figure 2B ) are also consistent with the Smc1/Smc3 complex being an equimolar heterodimer. tron microscopy study on human and frog cohesin complexes ( SMCs, are consistent with both intra-and intermolecular would lack their dimerization partner. They might therefore no longer form a coiled coil and might instead adopt coiled coils (Figure 2A ). These two alternatives nevertheless make very different predictions as to the behavior a disorganized structure with a propensity to aggregate. The properties of Smc3 when expressed alone sugand properties of single Smc1 or Smc3 protamers. If their coiled coils were intramolecular, then individual gest that it forms intramolecular coiled coils: Smc3 is soluble in the absence of Smc1 and sediments with a SMCs should form stable rod-shaped monomers containing a single coiled coil, with the hinge domain at discrete 4.4S sedimentation velocity ( Figure 2B ). The same is true for Smc1 (data not shown). Under the elecone end and the globular head containing both N-and C-terminal domains at the other. These monomeric rods tron microscope, we observed rod-like structures (65-70 nm in length) with a large globular domain at one end would be equivalent to one arm of the heterodimer. If on the other hand they were intermolecular, then the and a smaller one at the other ( Figure 2D ). Most molecules had this configuration, which presumably corretwo amphipathic ␣ helices of a single SMC protamer sponds to the Smc3 arm of the heterodimer, with the to Smc1 when situated at the end of a long coil than when more closely bound to the BIAcore matrix. The larger globular domain containing Smc3's N-and C-terminal domains. To confirm this interpretation, we recalculated affinity constants for both types of molecules are around ‫2ف‬ ϫ 10 8 /M Ϫ1 , indicative of a very strong placed Smc3's terminal domains by the 6-10 repeats from fibronectin, which can be identified as a short thick interaction. These data imply that Smc3's coiled coil region makes little or no contribution to its Smc1 binding rod in electron micrographs (Melby et al., 1998) . As expected, this resulted in replacement of the larger termiaffinity, which is consistent with the coiled coils being intra-and not intermolecular. nal globular domain by a pair of short rods with the dimensions expected for the fibronectin repeats (Figure 2E) . Having established the geometry of Smc1/3 heterodimheterodimer's coiled coils were intramolecular but difficult if they were intermolecular. ers, we next investigated how they interact with cohesin's other subunits. We first tested whether Scc1 binds Even when expressed alone, Smc3's hinge domain but neither its N-nor C-terminal domains bound to Smc1 to the Smc1/3 heterodimer. Both the heterodimer and individual Smc1 and Smc3 monomers bound efficiently with an efficiency similar to that of intact Smc3 ( Figure  3D ). In contrast, Smc3's hinge domain failed to bind to Scc1 when coexpressed in insect cells ( Figures 4A  and 4D ). The heterodimer furthermore copurified in a the chimeric Smc1 molecule with a hinge derived from Smc3. If interaction between heterotypic hinges were complex with Scc1 in a gel filtration column ( Figure 4B ). The only major contaminant was a Hsp70 chaperone the sole means by which Smc1 and Smc3 were held together, then the affinity of an isolated Smc3 hinge for protein, which was found to be associated with baculovirus expressed Scc1 previously (Uhlmann et al., 2000). Smc1 might be expected to be similar to that of intact Smc3 protein. To investigate this, we used BIAcore solid Replacement of Smc1's hinge domain with a short peptide linker had little or no effect on its ability to bind state affinity measurements to estimate on rate (k a ), off rate (k d ), and affinity (K A ϭ k a /k d ) constants by measuring Scc1 ( Figure 4C ). In contrast, removal of both head domains from the Smc1/3 heterodimer abolished its ability the on and off rates of Smc1 binding to immobilized intact Smc3 or Smc3 hinge alone at different concentrato bind Scc1, even though the headless SMCs bound to each other efficiently to form a soluble complex (Figtions (Figure 3E ). The off rates of Smc3 and its hinge alone were very similar and correspond to a half-life of ure 4D). To test whether Smc3Јs head alone is sufficient to bind Scc1, we created an artificial head in which ‫52ف‬ min, whereas the on rate of Smc3 was about twice that of its hinge. This difference could easily be due to Smc3Јs N-terminal domain was connected to its C-terminal domain by a short peptide linker. This isolated steric factors, namely, the hinge may be more accessible 1-180) , or a C-terand Smc3 head domains, respectively, but cannot bind minal Scc1 fragment, from the second separase cleavto each other because they have homotypic hinges. age site to the C terminus (aa 269-566), tagged with six They nevertheless copurified when coexpressed with histidine residues. Remarkably, both bound to the Smc1/3 intact Scc1 (
SMC Molecules Form Intramolecular Coiled Coils
Smc3 head bound Scc1 efficiently (Figure 4E
Figure 5B ment. This suggests that Scc3 binds Scc1 via Scc1's C terminus. To determine whether Scc3 also binds directly to the Smc1/3 heterodimer, we coexpressed myc 9 Scc3 Scc1 Links Scc3 to the Smc1/3 Heterodimer To investigate how cohesin's fourth subunit, Scc3, binds together with an Smc1/3 heterodimer whose Smc3 protein was tagged with HA epitopes. Little or no myc 9 Scc3 to the other three constituents, we first expressed a myc 9 epitope-tagged Scc3 protein (myc 9 Scc3) in insect coprecipitated with the Smc1/3 heterodimer when im- (Figure 7C ). The fact that all tagged proteins are functional in vivo (Toth et al., 1999) and that Scc3 along with a Scc3 version tagged with ten histidine residues (His 10 ) in insect cells. His 10 Scc3 and myc 9 Scc3
Figure 6. Only One Copy of Smc1 and Smc3 Proteins Present in Cohesin Complexes Isolated from Yeast (A) Only one Smc3 in a single cohesin complex. Extracts were prepared from yeast strains expressing the indicated epitope-tagged versions of Smc1 or Smc3 (K6396, K10036, K10037). Soluble extracts were separated from chromatin, and cohesin complexes were released from chromatin by micrococcal nuclease digestion. Soluble and chromatin-released extract fractions were used in immunoprecipitation experiments against the HA 6 epitope tag, and coimmunoprecipitation of myc 18 -tagged proteins was probed with anti-myc-specific antibodies in immunoblots (upper panels). Efficient immunoprecipitation of HA-tagged Smc1 and Smc3 proteins was confirmed by probing with anti-HA antibodies (lower panels). (B) Scc1 is associated with immunoprecipitated Smc3. As in (A), using strains expressing the indicated tagged Smc3 and Scc1 versions (K10039, K10038). (C) Scc1 is capable of binding two different
Scc1myc 18 and Scc3myc 18 coprecipitate with Scc3HA 6 and Scc1HA 6 , respectively, implies that all these epicopurified neither when Scc3 was immunoprecipitated using myc-specific antibodies nor when His 10 Scc3 was tope-tagged proteins are indeed assembled into cohesin complexes. Our data suggest that cohesin conbound to Ni that they exist as rods with a small globular domain at one end and a larger one at the other. The latter must ing that all SMCs would use the same arrangement and that the structure of any one hinge domain might reveal be jointly composed of its N-and C-terminal domains because their replacement by fibronectin repeats gives the exit path of their coiled coils, we determined the crystal structure of the hinge domain of SMC from the rise to a pair of short thick rods instead. Remarkably, replacement of Smc3's hinge domain by that of Smc1 bacterium T. maritima. The structure showed that isolated hinges form doughnut-shaped dimers and that results in an Smc3 chimera that forms a heterodimer with wild-type Smc3 resembling that normally formed both N and C termini emerge from the same face, which explains why the coiled coil arms of SMC proteins form between Smc1 and Smc3. These data suggest that the Smc1/3 heterodimer is formed by heterotypic interacopen or closed V shapes but did not reveal whether the termini seed intra-or intermolecular coiled coil fortions solely between the hinges of Smc1 and Smc3 and that each arm is composed of coiled coils created by mation.
Though no ordered coiled coils were visible in our folding back each molecule on itself, with its hinge as the folding axis. As predicted by this model, an isolated first T. maritima hinge structure, biochemical analysis of Smc1 and Smc3 strongly suggests that these SMC hinge from Smc3 binds to Smc1 almost as tightly as the intact molecule. proteins form intramolecular coiled coils. Smc1 and Smc3 exist as monomers when expressed alone in inWith these insights, we revisited the geometry of T. of cohesin's interaction with DNA but is simply due to out having a high natural affinity for DNA. It also provides an explanation for the perplexing issue as to how cells breakage of the chromatin fiber's topological enclosure. By supposing that cohesin associates with unreplicated ensure that sister DNA molecules but not others are held in cohesin's embrace, why cohesin must be present chromatin in a similar if not identical manner, this "embrace" model explains how cohesin can be so tightly during DNA replication (Uhlmann and Nasmyth, 1998), and why SMC proteins contain unusually long coiled coil associated with chromatin throughout interphase with- and dataset and refinement statistics are summarized in Table 1 cohesin loop that had previously embraced the unrepliand Supplemental Table S1 at three times in Sf9 cells to obtain high viral titer stocks in the range All crystals were grown by sitting drop vapor diffusion at 19ЊC. of 5 ϫ 10 8 to 1 ϫ 10 9 pfu/ml. For protein expression, High Five Monoclinic (P2 1 ) native crystals of HTMC2 were grown using 26% (Invitrogen) insect cells grown at 27ЊC in Grace's insect media sup-PEG 3000 and 0.1 M CHES (pH 9.2) as crystallization solution. Drops plemented with 10% fetal calf serum, penicillin, streptomycin, and were composed of 2 l protein at 20 mg/ml and 1 l crystallization glutamine to near confluency were infected at a multiplicity of infecsolution. SeMet substituted HTMC2 crystals were grown in the same tion (MOI) of ‫01ف‬ for each high-titer virus. Cells were harvested 45 manner as for the native protein but at 10 mg/ml with 30% PEG hr postinfection and extracts were prepared: cells were washed in 3000 and 0.1 M CHES (pH 9.2). Orthorhombic crystals of HTMC2 ice-cold PBS and broken by hypotonic lysis in a Dounce homoge-(P2 1 2 1 2 1 ) were grown using 15% PEG 2000MME and 0.1 M TRIS (pH nizer after 10 min swelling in two pellet volumes 50 mM TRIS-HCl 6.9) as the crystallization solution. Drops were composed of 3 l (pH 8.0) and 10 mM KCl containing complete proteinase inhibitor mix protein at 10 mg/ml and 1 l crystallization solution. All HTMC2 EDTA-free (Roche Mol. Biochem.) and PMSF at 0.2 mM. Cytosolic crystals were frozen in mother liquor complemented with 8%-12% extract was separated from nuclei by 10 min centrifugation at glycerol. SeMet HTMC9 protein crystallized in C2 using 0.1 M so-5,000 ϫ g at 4ЊC. Nuclei were broken after resuspension in two dium citrate, 0.1 M sodium cacodylate, and 30% iso-propanol as nuclear pellet volumes 50 mM TRIS-HCl (pH 8.0), 10 mM KCl, 1.5 crystallization solution. Crystals were frozen in crystallization solution with 10% isopropanol added.
mM MgCl 2 , and proteinase inhibitor mix by increasing the NaCl
